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ABSTRACT
A significant fraction of planetary nebulae (PNe) exhibit collimated outflows, distinct
narrow kinematical components with notable velocity shifts with respect to the main nebular
shells typically associated with low-ionization compact knots and linear or precessing jet-like
features. We present here a spatio-kinematical investigation of a sample of twelve PNe with
morphologies in emission lines of low-ionization species suggestive of collimated outflows.
Using archival narrow-band images and our own high-dispersion long-slit echelle spectra,
we confirm the presence of collimated outflows in Hen 2-429, J 320, M 1-66, M 2-40, M 3-
1, and NGC 6210 and possibly in NGC 6741, for which the spatio-kinematical data can also
be interpreted as a pair of bipolar lobes. The presence of collimated outflows is rejected in
Hen 2-47, Hen 2-115, M 1-26, and M 1-37, but their morphology and kinematics are indicative
of the action of supersonic outflows that have not been able to pierce through the nebular
envelope. In this sense, M 1-66 appears to have experienced a similar interaction between the
outflow and nebular envelope, but, as opposed to these four PNe, the outflow has been able to
break through the nebular envelope. It is suggested that the PNe without collimated outflows
in our sample are younger or descend from lower mass progenitors than those that exhibit
unambiguous collimated outflows.
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1 INTRODUCTION
Planetary nebulae (PNe) are the final stages of the life of low-
and intermediate-mass stars (1–8 M), before they become white
dwarfs. As such stars evolve through the asymptotic giant branch
(AGB), they experience episodes of heavy mass-loss through a
dense and slow AGB wind. Once the stellar core is exposed, these
stars leave the AGB and their effective temperatures increase while
they develop fast and tenuous stellar winds. The increasing UV stel-
lar flux will ionize the slow AGB wind to give birth to a PN.
A large number of PNe exhibit fast collimated outflows, typi-
cally described as distinct narrow kinematical components with no-
table velocity shifts with respect to the main nebular shells. Exam-
ples abound in the literature: IC 4634 (Guerrero et al. 2008), Hu 2-1
(Miranda 1995), NGC 7354 (Contreras et al. 2010), KjPn8 (López
et al. 1995), NGC 6337 (Corradi et al. 2000), and M 1-32 (Rechy-
García et al. 2017). The reader is referred to our recent compilation
and statistical investigation of collimated outflows in PNe (Guer-
rero et al. 2019).
Collimated outflows are commonly associated with low-
ionization compact knots and linear or precessing jet-like features
(Gonçalves et al. 2001), but the sample of collimated outflows has
diverse spatio-kinematical properties, which may point to differ-
ent populations with different origins (Guerrero et al. 2019). Since
collimated outflows in PNe are thought to play notable effects in
their shaping and even formation (Sahai, & Trauger 1998), a criti-
cal spatio-kinematical assessment of the nature of PN features clas-
sified as possible collimated outflows based on their morphologies
and excitation conditions is most necessary.
In this paper, we present long-slit high-dispersion spectro-
scopic observations of a sample of PNe whose morphologies, as
determined from narrow-band images, are indicative of the pres-
ence of collimated outflows. The spatio-kinematical information
derived from these observations along the position angle (PA) of
the possible collimated outflow has been used to confirm (or re-
ject) their nature and to derive their systemic radial velocities. The
sample of PNe and the observations are described in §2, the spatio-
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kinematical data of each PN is analysed in §3, and a discussion and
a short summary are given in §4 and §5, respectively.
2 OBSERVATIONS
2.1 Imagery
Collimated outflows in PNe are best identified in narrow-band im-
ages of emission lines of low-ionization species of [N II], [O I],
[O II], or [S II] (Gonçalves et al. 2001). We have selected a sam-
ple of PNe with narrow-band images in [N II], [O II] or Hα emis-
sion lines indicative of the presence of collimated outflows with
no available kinematical data. The sample is presented in Table 1.
Most sources have high-quality narrow-band images obtained with
the Wide-Field Planetary Camera 2 (WFPC2) on board of the Hub-
ble Space Telescope (HST), except IC 4776, whose narrow-band
image in the [O II] emission line was obtained with the instru-
ment FORS2 at the Very Large Telescope (VLT) of the European
Southern Observatory (ESO) in Chile (Sowicka et al. 2017), and
Hen 2-429, whose narrow-band image in the [N II] emission line
was obtained with the instrument ALFOSC at the Nordic Optical
Telescope (NOT) of the Observatorio de El Roque de los Mucha-
chos (ORM) on the island of La Palma in Spain (Manchado et al.
1996).
2.2 Kinematical data
Spatially-resolved high-dispersion echelle spectroscopic observa-
tions were obtained along a series of long-slit apertures placed
across nebular features of interest. The Utretch Echelle Spectro-
graph (UES) on the 4.2m William Herschel Telescope (WHT) of
the ORM and the echelle spectrograph on the Cerro Tololo Inter-
american Observatory (CTIO) 4m Víctor Blanco (aka Blanco) tele-
scope were used for these observations.
The high-dispersion spectroscopic observations of the north-
ern sources were obtained on 13 July 1995, 6 August 1996, and 10
December 1998 using UES at the WHT (Tab. 1). The spectrograph
was used in its long-slit mode with a narrow-band filter that isolates
the echelle order in the spectral range from 6530 to 6600 Å, thus
including the Hα and [N II] λλ6548,6583 emission lines. A 79
line mm−1 echelle grating was also used. The data were recorded
with the Tektronix CCD detector, providing a spatial scale of 0.′′36
pixel−1 and a sampling of 3.2 km s−1 pixel−1 along the disper-
sion direction. The slit has an unvignetted length of 160′′ and its
width was set to 1.′′1, resulting in an instrumental resolution of 6.5
km s−1. The angular resolution, determined by the seeing, varied
between 1.′′1 and 2.′′2 (Tab. 1). Individual spectra have typical ex-
posure times of 1,800 s.
The high-dispersion spectroscopic observations of the south-
ern sources were obtained on 24-25 December 2001 and 22-25 June
2002 using the echelle spectrograph on the CTIO Blanco telescope
(Tab. 1). The spectrograph was also used in its long-slit mode with
a narrow-band FWHM ∼ 50 Å filter to isolate the echelle order in-
cluding the Hα and [N II] λλ6548,6583 emission lines. The 79 line
mm−1 echelle grating and the long-focus red camera were used,
resulting in a reciprocal dispersion of 3.4 Å mm−1. The data were
recorded with the SITe 2K CCD #6, providing a spatial scale of
0.′′26 pixel−1 and a sampling of 3.7 km s−1 pixel−1 along the dis-
persion direction. The slit has an unvignetted length of 3′ and its
width was set to 0.′′9, resulting in an instrumental resolution of 8.0
km s−1. The angular resolution, determined by the seeing, varied
between 1.′′3 and 1.′′8 (Tab. 1). Individual spectra have typical ex-
posure times of 1,800 s.
The spectra were reduced using standard IRAF tasks for two-
dimensional spectra. The wavelength scale and geometrical distor-
tion were corrected using a two-dimensional fit to arc exposures
obtained using Th-Ar calibration lamps inmediately before or after
the science exposure of each source. The deviation of the residuals
of the two-dimensional fit to the Th-Ar arcs is found to be better
than 0.004 Å (0.2 km s−1). The telluric emission, which includes
the geocoronal Hα line, was removed by fitting and subtracting the
background using low-order polynoms. The echelle observations
were made with the slit oriented along different position angles and
placed at various offsets from the central stars in order to sample
different morphological features of interest (Tab. 1).
3 RESULTS
The narrow-band images and position-velocity (PV) maps of se-
lected emission lines along PAs of interest are presented in Figures
1 to 12 using a hyperbolic sine inverted gray-scale. The images are
overlaid with the location of the slits used to obtain kinematical in-
formation (Tab. 1). The brightest regions in the PV maps are shown
saturated and overlaid with contours to display simultaneously in-
formation of the faintest and brightest features of these PV maps.
These PV maps have been corrected to the Local Standard of Rest
(LSR) velocity system and the spatial offsets have been measured
from the central star or from its projection onto the slit.
The radial velocity in the LSR (vsysLSR) and heliocentric (v
sys
hel)
systems and nebular expansion velocity of these sources (vexp) are
listed in columns 3 to 5 of Table 2, respectively. The radial ve-
locities have been derived from the Hα emission line profiles of
the main nebular shells at the location of the central star, whereas
the profiles of the narrower [N II] λ6583 Å emission line have
been used to determine the nebular expansion velocities. When the
emission line profile is resolved into receding (red-shifted) and ap-
proaching (blue-shifted) components, the systemic radial velocity
is computed as the average between the centroid of both compo-
nents and the nebular expansion velocity as their semi-difference.
Typically, the velocity from an emission line can be determined
with an accuracy ∼10% the spectral resolution, which combined
with the wavelength calibration uncertainty of 0.2 km s−1, implies
velocity uncertainties within±1.0 km s−1. In cases when the emis-
sion line profile is unresolved, the systemic radial velocity is com-
puted as the centroid of the emission line profile and the nebular
expansion velocity as the half width of the line profile once the
instrumental and thermal widths have been substracted quadrati-
cally. The radial velocities of sources in Table 2 are generally in
agreement (610 km s−1) with previous available measurements, as
for Hen 2-115 (vhel ' −56.2 km s−1, Durand et al. 1998), Hen 2-
249 (vhel ' 30 km s−1, Guerrero et al. 1999), IC 4776 (vhel ' 16.3
km s−1 and vLSR ' 27.9 km s−1, Durand et al. 1998; Maciel,
& Dutra 1992), J 320 (vhel ' −25 km s−1, Harman et al. 2004),
M 1-26 (vhel ' −22 km s−1, Ortolani, & Sabbadin 1985), M 1-
37 (vhel ' 213 km s−1, Richer et al. 2017), M 1-66 (vhel ' 27.9
km s−1, Durand et al. 1998), M 2-40 (vhel ' 90 km s−1, Beaulieu
et al. 1999), M 3-1 (vhel ' 69.5 km s−1, Schneider et al. 1983),
and NGC 6741 (vhel ' 41.3 km s−1, Schneider et al. 1983). Only
in Hen 2-47 the difference between the radial velocity in Table 2
and the heliocentric radial velocity of −17.7 km s−1 reported by
Durand et al. (1998) is larger than 10 km s−1.
The spatio-kinematical properties of their collimated outflows,
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Table 1. *
Sample and Observations of PNe with Possible Collimated Outflows
Source Imagery Spectroscopy
Telescope & Camera Band Resolution Telescope & Spectrograph Resolution PA
(′′) (km s−1) (′′) (◦)
Hen 2-47 HST WFPC2 [N II] 0.′′1 Blanco Echelle 8.0 1.4 0, 64
Hen 2-115 HST WFPC2 Hα 0.′′1 Blanco Echelle 8.0 1.4 9, 275
Hen 2-429 NOT ALFOSC [N II] 0.′′7 WHT UES 6.5 1.2 90
IC 4776 VLT FORS2 [O II] 1.′′0 Blanco Echelle 8.0 1.7 45
J 320 HST WFPC2 Hα 0.′′1 Blanco Echelle 8.0 1.8 306, 338, 348
M 1-26 HST WFPC2 Hα 0.′′1 Blanco Echelle 8.0 1.5 38, 82, 325
M 1-37 HST WFPC2 Hα 0.′′1 Blanco Echelle 8.0 1.3 39, 309
M 1-66 HST WFPC2 Hα 0.′′1 WHT UES 6.5 2.2 311
M 2-40 HST WFPC2 Hα 0.′′1 WHT UES 6.5 1.1 80
M 3-1 HST WFPC2 [N II] 0.′′1 Blanco Echelle 8.0 1.8 72, 318, 358
NGC 6210 HST WFPC2 Hα 0.′′1 Blanco Echelle 8.0 1.8 312, 336
NGC 6741 HST WFPC2 [N II] 0.′′1 Blanco Echelle 8.0 1.3 18, 77, 302
including their identification, morphology, radial velocities with re-
spect to the systemic velocity (voutflowr ), and projected linear sizes
(δ r) are listed in columns 6 to 9 of Table 2, respectively. Hereafter,
we will refer to the radial velocity of the outflow with respect to the
nebular systemic velocity as the systemic velocity. In most cases,
kinematical information was available for both the approaching and
receding outflow components, and thus the systemic velocity was
derived as the semi-difference between the radial velocities of these
two components.
3.1 Hen 2-47
Hen 2-47 (PN G285.6−02.7) is a young PN with a highly asym-
metric multipolar morphology consisting of four pairs of V-shaped
lobes and two rings with point-symmetric brightness distribution
(Sahai 2000). Its shape is very similar to that of M 1-37 (see §3.7)
and both of them are consequently nicknamed the Starfish Twins.
The complex shape of these young PNe has been proposed to result
from the interaction of high-velocity collimated outflows with the
nebular envelope in the late AGB or at the beginning of the post-
AGB phase (Sahai, & Trauger 1998).
The kinematics of Hen 2-47 is investigated here using 9 slit
positions oriented along PA = 0◦ and 64◦ with different offsets from
the central star of the PN (CSPN), as listed in Table 1. The most
relevant [N II] λ6583 PV maps are presented in Figure 1.
The expansion velocity of Hen 2-47, as derived from the emis-
sion profile of the [N II] line in the slit across the central star along
PA=64◦ (not shown in Figure 1, is found to be 11.0 km s−1.
Following Sahai (2000)’s naming convention, features N2 and
S3 are registered by the slit at PA = 0◦ across the CSPN, feature S2
is registered by the slit at PA = 0◦ and 3′′ East of the CSPN, and its
counterpart N4 is registered by the slit at PA = 64◦ offset by 2.′′5
North from the CSPN. The PV maps indeed reveal that these fea-
tures have kinematical properties differing from those of the main
nebula. Multiple velocity components are detected wherever the slit
intersects several V-shaped lobes, indicating that these have dif-
ferent radial velocities. From our data, we have been able to infer
systemic velocities voutflowr of±23.5 km s−1 and±22.9 km s−1 for
the pairs of features N2-S3 and N4-S2, respectively. Kinematically,
these outflows do not look very collimated, in agreement with the
impression derived from the Hα image. These features have pro-
jected distances from the CSPN of 2.3× 1017 cm (0.074 pc) and
2.2×1017 cm (0.071 pc), respectively.
3.2 Hen 2-115
Hen 2-115 (PN G321.3+02.8) is classified as an elliptical nebula
(Stanghellini et al. 1993), although the HST WFPC2 Hα image
in Figure 2 reveals a complex morphology consisting of a bright
bipolar structure around the central star and a pair of narrow V-
shaped lobes protruding along PA = 95◦ (Sahai, & Trauger 1998),
which seem indicative of the effects of a bipolar outflow. The main
nebula is surrounded by a diffuse halo (Sahai et al. 2011).
The kinematics of Hen 2-115 is investigated using two slits
oriented along its minor axis at PA 9◦ and along its major axis and
collimated outflows at PA 95◦. The [N II] PV map of the first slit
(not shown in Figure 2) has been used to derive a nebular expansion
velocity '13.4 km s−1.
The [N II] λ6584 PV map along PA = 95◦ shown in Figure 2
reveals the presence of a low-velocity (voutflowr = ±5.9 km s−1)
component at the location of the V-shaped lobes. As for Hen 2-47,
the outflow does not seem particularly collimated and the data pre-
sented here fail to detect emission from a compact knot expanding
ballistically at the tip of the V-shaped lobe, e.g. as in CRL 618 (Bal-
ick et al. 2013, 2014). This feature has a projected distance from the
CSPN '2×1017 cm (0.069 pc).
3.3 Hen 2-429
The [N II] image of Hen 2-429 (PN G048.7+01.9) in Figure 3
shows an elliptical shell and a pair of outer low-ionization point-
symmetric filaments (Guerrero et al. 1999; Gonçalves et al. 2001).
Our kinematical investigation uses two slits placed at PA =
80◦ and 90◦ across the central star. Since the point-symmetric outer
filament is covered by both slits, only the [N II] λ6583 PV map of
the slit at PA = 90◦, registering emission at the tip of the filament,
is shown in Figure 3. The nebular expansion of Hen 2-429 is well
resolved in these PV maps. Its expansion velocity is found to be
'30.6 km s−1, in good agreement with that of 30 km s−1 reported
by Guerrero et al. (1999).
The point-symmetric filaments are detected both in the Hα
and [N II] PV maps as relatively bright and compact components
c© RAS, MNRAS 000, 1–??
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Table 2. *
Spatio-kinematical Information of the Sample of PNe with Possible Collimated Outflows
Source Distance? vsysLSR v
sys
hel vexp Feature ID Morphology v
outflow
r δ r
(kpc) (km s−1) (km s−1) (km s−1) (km s−1) (pc)
Hen 2-47 3.8 −16.3 −4.0 11.0 N2-S3 V-shape 23.5 0.074
N4-S2 V-shape 22.9 0.071
Hen 2-115 5.0 −64.8 −63.6 13.4 PA=95◦ V-shape 5.9 0.069
Hen 2-429 3.7 +45.2 +26.7 30.6 PA=90◦ precessing outflow 5.2 0.135
IC 4776 4.4 +23.0 +14.3 . . . A-B bipolar lobes 49.6 0.100
C-D outflow? 84.1 0.174
J 320 5.8 −44.4 −29.8 16.0 PA=348◦ outflow 19.9 0.276
PA=338◦ outflow 34.0 0.219
PA=306◦ outflow 24.8 0.104
M 1-26 2.1 −14.4 −21.4 <7.0 PA=82◦ bow-shock 38.2 0.038
PA=145◦ bow-shock 47.7 0.035
M 1-37 14.4 +229.2 +218.7 11.0 PA=129◦ V-shape 7.6 0.142
M 1-66 6.4 +39.2 +22.6 20.0 PA=131◦ outflow 7.0 0.106
M 2-40 5.4 +98.9 +82.8 17.6 PA=88◦ outflow 16.0 0.123
M 3-1 4.5 +46.3 +65.6 24.5 PA=318◦ precessing outflow 14.9 0.268
PA=358◦ precessing outflow 13.2 0.168
NGC 6210 2.1 −26.7 −45.7 34.2 A precessing outflow 19.5 0.084
B outflow 30.6 0.045
C precessing outflow 29.4 0.174
NGC 6741 3.2 +56.9 +40.2 23.4 A-B outflow 22.7 0.126
C outflow 7.3 0.100
? Distances adopted from Frew et al. (2016)
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Figure 1. HST WFPC2 F658N [N II] image (left) and Hα and [N II] λ6583 PV maps derived from CTIO 4m echelle spectra (right) of Hen 2-47. The names
of the different morphological feature follow Sahai (2000). The positions of the slits are overlaid on the image on the left panel; the slits whose PV maps are
shown on the right panels are drawn with solid lines, those not shown are drawn with dashed lines.
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Figure 2. Same as Figure 1 for Hen 2-115. In this case, the HST image was obtained using the F656N Hα filter.
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Figure 3. NOT ALFOSC [N II] image (left) and Hα and [N II] λ6583 PV maps derived from WHT UES echelle spectra (right) of Hen 2-429. Solid and
dashed slits plotted on the image as in Figure 1.
that are moving at a systemic velocity ±5.2 km s−1. The kinemati-
cal properties of these filaments was already discussed by Guerrero
et al. (1999), who noted their low systemic velocity. Interestingly,
there is faint emission between these knots and the main nebula,
suggesting these are the tips of bow-shock-like features. Their pro-
jected distance from the CSPN is 4.2×1017 cm (0.14 pc).
3.4 IC 4776
Recent VLT FORS2 narrow-band imaging of IC 4776
(PN G002.0−13.4) in the Hα+[N II], [O II], and [O III] emission
lines have revealed an hourglass-shaped main nebula with its
major axis aligned along PA = 45◦ and a pair of precessing jet-like
features (Sowicka et al. 2017).
Its kinematics is investigated here using a slit oriented along
its major axis (Figure 4). The expansion velocity of the inner bright-
c© RAS, MNRAS 000, 1–??
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Figure 4. VLT FORS2 [O II] image (left) and Hα and [N II] λ6583 PV maps derived from CTIO 4m echelle spectra (right) of IC 4776.
est nebular regions is lower than 8 km s−1, in agreement with pre-
vious estimates (' 10.2 km s−1, Bianchi 1992).
The Hα and [N II] λ6583 PV maps reveal distinct structural
components for the main nebula: an ellipsoidal shell in the Hα line,
but an X-shaped structure in the [N II] emission line. Four features
named as A, B, C, and D are marked in Figure 4 as possible col-
limated outflows. The X-shaped pattern is revealing of a bipolar
PN whose symmetry axis is tilted with the line of sight. This inter-
pretation is basically consistent with that provided by Sowicka et
al. (2017), but the extent of the bipolar lobes of '12′′ in size de-
rived from our PV maps is larger than that of '7′′ derived from the
simulated PV map presented in figure 4 by Sowicka et al. (2017)
because we interpret that the A and B features in our PV maps close
the X-shaped pattern onto bipolar lobes. The systemic velocity of
features A and B is found to be ±52.2 km s−1. As for the outer-
most C and D pair of features, their systemic velocities are larger,
±84 km s−1, and they look like compact knots, although we cannot
discard they are the brightest regions of one additional pair of point-
symmetric bipolar lobes oriented along the same nebular axis (e.g.,
M 1-16 and M 2-9 Schwarz 1992; Schwarz et al. 1997; Clyne et al.
2015). These features have projected distances from the CSPN of
3.1×1017 cm (0.10 pc) and 5.4×1017 cm (0.17 pc), respectively.
3.5 J 320
J 320 (PN G190.3−17.7) is a spatially complex PN discovered
by Jonckheere (1916) and classified morphologically as point-
symmetric (Gonçalves et al. 2001). It presents a bright elliptical
inner rim, two bipolar lobes and several pairs of jet-like features
oriented along different directions (Campbell, & Moore 1917). The
latter suggest that the ejecting direction is rotating, possibly with a
time dependent velocity (López 1997).
To investigate the kinematics of J 320, spectra were obtained
using eight parallel slits oriented North-South and with offsets of
1′′ between positions (red dash boxes in Fig. 5-left) and four slits
oriented at PA = 40◦, 306◦, 338◦ and 348◦. The nebula has an ex-
pansion velocity' 16 km s−1, derived in this case from the Hα PV
maps across the CSPN.
The most interesting PV maps correspond to the slits at PA =
338◦ and 348◦ (Figure 5), which reveal that the bipolar lobes tips
are bright pairs of knots. Following Harman et al. (2004)’s naming
convention for these knots, we mark them in both the Hα image
and PV maps in Figure 5 as K1N and K1S for the knots detected in
the slit at PA = 338◦, and K2N and K2S for the slit at PA = 348◦.
The systemic velocity of these pairs of knots is ±34.1 km s−1 for
K1 and ±19.9 km s−1 for K2, in agreement with the velocities
reported by Harman et al. (2004). The slit at PA = 306◦ reveals
in the main body a pair of knots, one brighter than the other, with
systemic velocity ±24.8 km s−1. The projected distances from the
CSPN of these features are 6.7×1017 cm (0.217 pc) for the pair of
knots K1, 8.5× 1017 cm (0.275 pc) for the pair of knots K2, and
3.2×1017 cm (0.105 pc) for the pair of knots along PA = 306◦.
3.6 M 1-26
Whereas ground-based images of M 1-26 (PN G358.9−00.7) show
an apparently featureless elliptical disk (Górny et al. 1997), the HST
WFPC2 Hα image in Figure 6-left discloses it as a bright round
shell surrounded by multiples loops and arcs (Sahai, & Trauger
1998). The multipolar morphology of M 1-26, which makes it look
like a rose, prompted Bear, & Soker (2017) to include it among the
sample of PNe likely shaped by triple stellar progenitors.
The kinematics of M 1-26 has been investigated using three
long-slit apertures placed along the minor nebular axis at the PA =
38◦, and at the location of outflow-like features along PA = 82◦ and
145◦. The Hα PV map for PA = 38◦ and [N II] λ6583 PV maps
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Figure 5. Same as Figure 1 for J 320. In this case, the HST image was obtained using the F656N Hα filter.
of the slit at PA = 82◦ and PA = 145◦ are shown in Figure 6. The
expansion velocity of the main nebular shell is not resolved. We
estimate an upper limit of 7 km s−1 based on the line width.
The outflow-like features registered by our long-slit observa-
tions indeed reveal systemic velocities of ±38.2 km s−1 at PA =
82◦ and ±47.7 km s−1 at PA = 145◦, which are faster than the ex-
pansion velocity of the nebular shell. The velocities here detected
certainly imply that the arcs and loops seen in optical images have
suffered a notable acceleration, most likely produced by the action
of collimated outflows whose tips are not clearly identified in the
PV maps. The outflows have projected distances from the CSPN
of 1.18×1017 cm (0.04 pc) and 1.07×1017 cm (0.03 pc), respec-
tively.
3.7 M 1-37
M 1-37 (PN G002.6−03.4) is the Starfish Twin of Hen 2-47 (Sahai
2000). Its morphology, as shown by its Hα image (Figure 7), is
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Figure 7. Same as Figure 1 for M 1-37. In this case, the HST image was obtained using the F656N Hα filter.
multipolar, with seven V-shaped lobes arranged along different di-
rections from the highly distorted bipolar-shaped inner shell. Fol-
lowing Sahai (2000)’s naming convention for these lobes, we mark
them from N1 to N3 at the North and S1 to S4 at the South in the
Hα image in Figure 7. The main nebula is surrounded by a faint
halo.
The kinematics of M 1-37 is investigated using a slit placed
along its major axis (PA=129◦) and another one along PA = 39◦
offset from the central star to register the N1, N2, and N3 features
(see the right panel of Fig. 7). A nebular expansion velocity of 11
km s−1 is estimated from the PV maps of the slit at PA = 129◦.
As for its twin, Hen 2-47, the V-shaped lobes do not show ex-
tremely narrow kinematical components, with a small systemic ve-
locity for the pair N2-S2 of voutflowr =±7.6 km s−1. These features
have projected distances from the CSPN of 4.4×1017 cm (0.14 pc).
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3.8 M 1-66
M 1-66 (PN G032.7−02.0) is a young PN whose rhomboidal inner
shell is surrounded by an elliptical envelope. The first evidence of
the presence of a bipolar outflow is found in the [N II] image pre-
sented by Manchado et al. (1996), later on described as a pair of
collimated outflow oriented along the major nebular axis at PA =
131◦ (Miranda, & Guerrero 2006). These features are more clearly
shown in the HST image presented in the left panel of Figure 8 (Sa-
hai et al. 2011). A filament departs from the tip of the inner shell
and extends up to two knots, with a morphology reminiscent of that
described for the FLIERs of NGC 7009 (Balick et al. 1998). Soker
(1997) proposed that the progenitor star of M 1-66 had interacted
with a substellar companion.
We have placed a slit along the pair of collimated outflows
(PA = 131◦), as shown in the left panel of Figure 8. The Hα and
[N II] λ6583 PV maps are shown in the right panels of this figure. A
lenticular featureless emission line is observed in the Hα PV map,
but the [N II] λ6583 PV map reveals two knots in the equatorial
regions of the nebula and two faint knots that protrude from the
nebula. The expansion velocity of the nebular shell is' 20 km s−1.
The [N II] λ6583 PV map confirm that M 1-66 indeed harbors
a pair of collimated outflows, with very narrow kinematical com-
ponents, although their semi-difference in radial velocity is small,
voutflowr =±7 km s−1. These features have projected distances from
the CSPN of 3.3×1017 cm (0.106 pc).
3.9 M 2-40
M 2-40 (PN G24.1+03.8) is a multiple-shell PN with a detached-
halo interacting with the interstellar medium (Guerrero et al. 1998).
The nebula was classified as elliptical using ground-based images
and the same high-dispersion long-slit data used here (Stanghellini
et al. 2002), but an HST Hα image suggests it is bipolar with closed
lobes and major axis along PA = 80◦ (Sahai et al. 2011). Two knots
protrude from the main nebular shell along the major axis and pro-
duce bow-shock-like features.
The kinematics of M 2-40 has been investigated using a slit
along the major axis at PA = 80◦ (Figure 9). The Hα and [N II]
λ6583 PV maps reveal a knotty inner shell with an ellipsoidal
rather than bipolar structure. Indeed, Guerrero et al. (1998) inter-
preted this same PV map as evidence for an ellipsoidal shell. There
is additional faint emission detected at a radial distance of '10′′
from the CSPN (not shown in the PV maps) that corresponds to an
arc of enhanced emission resulting from the interaction of the halo
with the interstellar medium (Guerrero et al. 1998). The nebula has
an expansion velocity ' 17.6 km s−1, as derived from the split of
the [N II] emission line at the location of the CSPN.
The pair of knots outside the main nebular shell are detected in
these PV maps and confirmed to be collimated outflows, although
their systemic velocity is not particularly high, voutflowr = ±16.0
km s−1. This pair of outflows have projected distances from the
CSPN ∼3.8×1017 cm (0.12 pc).
3.10 M 3-1
M 3-1 (PN G242.6−11.6) is a PN whose morphology has been clas-
sified as point-symmetric (Gonçalves et al. 2001) based on the
Hα+[N II] image and Hα+[N II]/[O III] ratio map presented by
Corradi et al. (1996). The HST [N II] image (Figure 10-left) re-
veals an intricate morphology, with an S-shaped point-symmetric
low-ionization structure suggestive of a precessing collimated out-
flow and a filamentary disk-like structure at the central nebular re-
gions. Bear, & Soker (2017) suggested that M 3-1 maybe shaped
by a triple stellar progenitor. It definitely harbors at least a close-
binary system with a very short period (Jones et al. 2019).
The kinematics of M 3-1 has been investigated using long-slit
spectra obtained at three slit positions with PA = 72◦ (the disk-like
structure) and 318◦ and 358◦ (the S-shaped structure). The three
[N II] λ6583 PV maps reveal a knotty main body (indicated by the
yellow contours in the right panels of Fig. 10) embedded within a
shell of diffuse emission. This shell of diffuse emission dominates
the Hα echellograms, as illustrated in the Hα PV map along PA =
318◦ displayed in the right panel of Figure 10. The nebula has an
expansion velocity ' 24.5 km s−1.
The S-shaped structure is clearly detected in the PV maps
along PA = 318◦ and PA = 358◦ as pairs of resolved knots located
outside the main body, i.e., they are collimated outflows. In addi-
tion, there is one small knot at PA = 318◦ between the main nebular
shell and the top knot which correspond to a filament in M 3-1. The
systemic velocity of the collimated outflows along PA = 358◦ is
±14.9 km s−1 and for those along PA = 318◦ is ±13.2 km s−1.
The tip of this precessing jet-like structure has projected distances
from the CSPN of ∼8.3×1017 cm (0.27 pc).
3.11 NGC 6210
NGC 6210 (PN G043.1+37.7) has a complex shape, described to
be amorphous or irregular (Aller et al. 1970; Balick 1987; Icke et
al. 1989) with a general elliptical structure (Stanghellini et al. 2006;
Soker 2016). This nebula presents a very bright central region with
filaments and knots (Balick et al. 1987), surrounded by a pair of
collimated outflows with a point-symmetric morphology (Phillips,
& Cuesta 1996; Guerrero et al. 2013). These jets are younger that
the main shells (Gonçalves et al. 2001). The nebula is surrounded
by a faint halo-like structure (Pottasch et al. 2009).
The kinematics of the complex nebula NGC 6210 was investi-
gated using two slits. The first one (PA = 156◦) along a knot located
far from the CSPN labeled as C and also along an extensive outflow
with a S-shape fainter than C. The second one (PA = 132◦) oriented
along two knot-like features labeled as A and B in Figure 11. The
Hα PV maps for both slits show a lenticular shape, while the [N II]
λ6583 PV maps show an irregular shape with knots surrounded by
a faint shell. The expansion velocity of NGC 6210 is found to be
' 34.2 km s−1.
The systemic velocity of the collimated outflows along PA =
132◦ is ±19.5 km s−1 for outflow A, ±30.6 km s−1 for outflow B
and, for the slit along PA = 156◦, ±29.4 km s−1 for outflow C. The
three outflows labeled as A, B and C have projected distances from
the CSPN of ∼2.6×1017 cm (0.08 pc), ∼1.4×1017 cm (0.04 pc),
and ∼5.4×1017 cm (0.17 pc), respectively.
3.12 NGC 6741
NGC 6741 (PN G033.8−02.6) has been described as a bright el-
lipsoidal nebulae with faint inner structures and filaments based on
ground-based images (Curtis et al. 1918; Zuckerman, & Aller 1986;
Stanghellini et al. 1993; Sabbadin et al. 2005). The HST [N II] im-
age of this PN reveals additional faint emission outside the main
nebular shell and outflow-like features along its major axis (Fig-
ure 12).
To investigate the kinematics of NGC 6741, we have placed
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Figure 8. HST WFPC2 F656N Hα image (left) and Hα and [N II] λ6583 PV maps derived from WHT UES echelle spectra (right) of M 1-66.
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Figure 9. Same as Figure 8 for M 2-40.
a slit along the outflow-like feature (PA = 77◦) and two along the
main nebular shell at PA = 18◦ and 122◦. All [N II] λ6583 PV
maps are indicative of a shell-like structure (Fig. 12-right), which is
otherwise not well resolved in the Hα PV maps, with an S-shaped
morphology along PA = 77◦. In particular, the slit at PA = 18◦ along
the minor axis reveals a toroidal shape, which in conjunction with
the PV maps at PA = 18◦ and 122◦ imply that the main nebular shell
is tilted along the latter direction. Its nebular expansion velocity is
' 23.4 km s−1.
The PV maps along the major axis reveal the presence of a
collimated outflow mostly in the [N II] λ6583 emission line. These
are labeled A, B, and C in Figure 12. The systemic velocity of fea-
tures A and B is ±22.7 km s−1, but only +7.3 km s−1 for feature
C, suggesting a steep velocity gradient. The pair of outflows A–B
have projected distances from the CSPN of ∼3.9×1017 cm (0.13
pc), whereas outflow C is found at a projected radial distance of
∼3.1×1017 cm (0.10 pc).
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Figure 11. Same as Figure 1 for NGC 6210.
4 DISCUSSION
Narrow-band images of a significant fraction of PNe show low-
ionization morphological features that are suggestive of the pres-
ence or action of fast collimated outflows. Here we have selected
a sample of 12 of those PNe and obtained kinematical information
by means of long-slit high-dispersion echelle spectra across mor-
phological features suspected to be associated with fast collimated
outflows. The nature of these features, summarized in the seventh
column of Table 2, can be divided into two main groups.
In the first group we include those PNe where indeed the pres-
ence of collimated outflows is confirmed, namely Hen 2-429, the
outermost C-D features of IC 4776, J 320, M 1-66, M 2-40, M 3-1,
NGC 6210, and NGC 6741. In all those cases, the low-ionization
morphological features can be associated with narrow kinemati-
cal components well resolved spatial and kinematically from the
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main nebular shells. We note that, for the outermost C-D features
of IC 4776, deeper narrow-band images and high-dispersion spec-
tra may help eludicate whether these are real collimated outflows or
a second pair of bipolar lobes. Cases of particular interest are those
of M 1-66, M 2-40, and NGC 6741, whose collimated outflows can
be described as jet-like features in the PV maps. Similarly, the colli-
mated ouflows of Hen 2-429, M 3-1, and NGC 6210 are suggestive
of precessing jets, whereas those of J 320 can be described as mul-
tiple bipolar ejections (e.g., Bipolar Rotating Episodic Ejections,
BRETs, López et al. 1995).
In the second group we include those PNe where the pres-
ence of fast collimated outflows cannot be confirmed kinemati-
cally, namely Hen 2-47, Hen 2-115, the innermost A-B features
of IC 4776, M 1-26 and M 1-37. The innermost A-B features of
IC 4776 seem to be located at the tip of bipolar lobes, closing a
tilted hourglass structure in the PV map. The other four PNe share
interesting morphological properties, with V-shaped lobes in the
Starfish Twins Hen 2-47 and M 1-37, and in Hen 2-115 and M 1-
26. The PV maps along these features imply kinematics differing
from those of their main nebular shells, particularly for Hen 2-47
and M 1-26, with notably higher expansion velocities. These per-
turbations in the kinematics, together with the peculiar morphology
of these features, may result from the action of stellar outflows aris-
ing at the end of the AGB phase (Sahai, & Trauger 1998) that we
cannot detect either because they are too tenuous or because they
are not ionized, as the molecular outflows reported in NGC 7027
(Cox et al. 2002; Huang et al. 2010). Apparently, these outflows
have not been able to pierce through the nebular envelope, which
has retained the linear momentum from the outflow and therefore
experienced a notable acceleration. This points out to “light” out-
flows, defined to have densities much lower than that of the slow
AGB wind (Akashi, & Soker 2008).
The velocity signature of these V-shaped morphological fea-
tures can be investigated using their apparent opening angle to esti-
mate the Mach number of the ejections producing these lobes. This
is referred as the Mach angle α , and can be related to the Mach
number M as
sinα =
1
M
, (1)
where M is defined as the ratio v/cs between the velocity of
the Mach front v and the isothermal sound speed of ionized gas
cs ≈ 10 km s−1. The Mach angles derived for Hen 2-47, Hen 2-
115 and M 1-37 are 27◦, 23.5◦, and 25◦, which correspond to very
similar Mach numbers of 2.20, 2.50, and 2.36, respectively. As for
M 1-26, no Mach number has been derived because its lobes do not
have well defined V-shape. For inclination angles with the plane of
the sky smaller than 45◦, these expansion velocities can be added
quadratically with the radial velocities listed in Table 2 to derive
the space velocity of the ejections that produced these V-shaped
lobes with an uncertainty caused by the unknown inclination angle
smaller than 10%. These are 35 km s−1, 25 km s−1, and 24 km s−1
for Hen 2-47, Hen 2-115 and M 1-37, respectively. Therefore, the
V-shaped lobes of these sources expand at velocities ∼2–3 times
that of their (slow) main nebular shells (see Table 2).
It is interesting to note the similar morphology of the V-shaped
structure along the major axis and direction of the collimated out-
flow of Hen 2-429 and particularly M 1-66. This may indicate that
the collimated outflows in these two PNe had sufficient momentum
to break through the nebular envelope from the AGB. In this sense,
the collimated outflows in NGC 6543 and NGC 7009, arising from
V-shaped features at the tip of the major axis of their inner shells,
can be interpreted as much more evolved versions of these interac-
tions. It can thus be envisaged an evolutionary sequence where col-
limated outflows start piercing through the nebular envelope like in
Hen 2-47, Hen 2-115, M 1-26, and M 1-37, then break outside this
envelope like in Hen 2-429 and M 1-66, and finally emerge like in
NGC 6543 and NGC 7009. The kinematical ages of PNe with and
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without collimated outflows have similar ranges, and thus they do
not support this interpretation, although uncertainties in their dis-
tances and assessment of their true ages through the kinematic age
may hinder such trend (Schönberner et al. 2005). There is addi-
tional evidence that the four PNe without clear collimated outflows
belong to a different group from the other PNe in our sample. All of
them can be classified as very low excitation PNe ([O III]/Hα .1)
with low effective temperature CSPNe (Sahai, & Trauger 1998; Sa-
hai et al. 2011), which can be interpreted as a sign of either an
early evolutionary phase or slow post-AGB evolution as expected
for smaller mass progenitors (Miller Bertolami 2016). It is interest-
ing to note that these sources also exhibit the smallest nebular ex-
pansion velocities among our sample of PNe (Tab. 2), which would
also place them at an early evolutionary phase (Richer et al. 2008,
2010) according to theoretical models of nebular evolution (Jacob
et al. 2013), but that can also be explained if their progenitors had
low masses (Pereyra et al. 2016).
5 SUMMARY
We present a spatio-kinematical investigation of a sample of twelve
PNe suspected to have collimated outflows using archival narrow-
band images and high-dispersion long-slit echelle spectra. Colli-
mated outflows, which can be described as distinct narrow kine-
matical components with notable velocity variations with respect
to the main nebular shells associated with compact knots and linear
or precessing jet-like features, are confirmed in seven sources, with
one additional possible detection in IC 4776. In all other cases, the
nature of the possible collimated outflows is not confirmed or even
rejected, as the case of the innermost A-B components of IC 4776,
which can be associated with a pair of bipolar lobes. The morphol-
ogy and kinematics of the four sources where collimated outflows
are not confirmed, namely the Starfish Twins Hen 2-47 and M 1-
37, and Hen 2-115 and M 1-26, are indicative of the action of colli-
mated outflows which are not detected in optical images and spec-
tra. These PNe appear to be at an early evolutionary phase or de-
scend from lower mass progenitors than the PNe in our sample with
unambiguous collimated outflows.
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